Intense coherent laser radiation red-detuned from absorption edge can reactively activate sizable Hall type charge and spin transport in n-doped paramagnetic semiconductors as a consequence of k-space Berry curvature transferred from valence band to photon-dressed conduction band. In the presence of disorder, the optically induced Hall conductance can change sign with laser intensity. 72.25.Dc, 78.20.Ls, 78.20.Jq Modification of material properties by external fields is of fundamental interests in condensed matter physics. Well known examples include optical Kerr nonlinearity, magneto-resistance, and the Hall effect. These phenomena enable externally controllable devices with importance in technologies. Semiconductors offer an ideal platform to explore control possibilities due to rich behaviors under magnetic, electric, and optical perturbations. In particular, with advances in laser technology, optically activated novel properties in semiconductors can now be explored with intense coherent lasers [1] and are motivated by the need for ultra-fast switchable devices.
netic systems, there have long been debates if the AHE originates entirely from spin-dependent scattering at impurities, or has important topological contribution from k-space Berry curvature [8, 9, 10, 11, 12, 13, 14] . The SHE offers a promising avenue towards semiconductor spintronics based on pure spin transport, yet the definition of spin current remains a controversial issue in strong spin-orbit coupled systems [18] . Not coincidentally, it has been a challenge to relate the spin current to the experimentally observable spin accumulations at sample edges, since it has been realized that the latter can also be induced locally and is dependent on boundary conditions.
As an attempt to contribute to these conceptual debates that are critical for making the connection between experimental and theoretical studies, we choose to illustrate our idea by applying it to an n-doped quantum well (QW) of III-V compounds where structure inversion asymmetry (SIA) induced spin-orbit coupling is absent [19] . We predict that the AHE and SHE can be activated/deactivated in this paramagnetic system by switching on/off the light field only, which can be a clear demonstration of the topological contributions. This system has the unique feature that it consists of two decoupled subspaces related by a time-reversal operation [20] , which unambiguously leads to the definition of the pseudo-spin current as the only source of the spin accumulations with out-of-plane polarization at the light irradiation edges.
We first explain the band structure renormalization by light for noninteracting electrons and then consider the effect of interactions. The explicit time dependence in the coupling with a coherent laser field of frequency ω 0 is removed by a canonical transform U (t) = exp(−iω 0 t k a † c,k a c,k ), so that in this rotating frame (RF), the Hamiltonian reads [5] 
where a † c,k and a † vj ,k are the particle creation operators in the conduction band and the jth valance band. σ denotes the polarization components of the light, and the Rabi frequency Ω σ,j is proportional to the laser amplitude and the interband optical matrix element. Eq.(1) is diagonalized by a linear transformation, H RF = k,mε m (k)ã † m,kã m,k , whereã m,k denotes the creation of a particle in the photon-dressed band with the new dispersionε m (k). We still use the subscript c to denote the dressed band with highest energy in the RF,
In absence of the laser field, the n-doped system has a filled k-space region A in the conduction band. It is convenient to use a hole picture in which the above config- 
, is adiabatically switched on, the system will evolve from |G to the dressed state
We have assumed elastic scattering by impurities and temperatures low enough (< 100 K) so that the phonon bath cannot supply the energy to excite the electron out of the lower dressed bands. Weak spontaneous emission of photons by the virtual excitations is also neglected for the moment. In the cases considered, the new equilibrium k-space fillingÃ (the lowest energy configuration in the RF) differs only slightly from A. Because of the admixture of the valance bands which have strong spin-orbit coupling, the dressed bandb † c,k |Φ 0 has non-zero Berry curvature
c,k |Φ 0 [7] . The dressed state |G thus acquires topological transport properties.
In a direct bandgap III-V semiconductor, the electronic states affected by light are those near the Γ point. It is a good approximation to neglect interband scattering and interband exchange terms in Coulomb interaction since the periodic part of Bloch functions are orthogonal between different bands near the Γ point [5] . For the same reason, we also assume no interband scattering by phonons and smooth disorder. Thus, in the RF, the Coulomb interactions and the coupling to phonon and impurity potentials has the time-independent form.
Coulomb interactions which have several major effects are well accounted for in optically excited semiconductors by the Hartree Fock approximation [5] . First, the band dispersion ε l (k) includes the interaction energies between the occupied states in the ground state configuration |G . Second, considering the interaction between the virtual excitations [5] , the transitions energies are further renormalized, .
The diagonalization of Eq. (1) has to be performed self-consistently. We also note that the optical absorption edge becomes
where ǫ b is the binding energy to form an exciton.
We consider an n-doped GaAs/AlGaAs QW, with symmetric confinement in the growth (z) direction. For the conduction band electrons, Rashba spin-orbit coupling vanishes since there is no SIA, and we neglect the weak Dresselhaus spin-orbit coupling except for the consequence of a finite spin relaxation time in the presence of phonon scattering [21] . QW confinement splits the Γ 6 (S = 1/2) bulk conduction band into subbands denoted as |S z , k ⊥ , l c where S z = ±1/2 is the spin z quantum number, k ⊥ the in-plane wavevector, and l the quantum number of the QW confinement. The Γ 8 (J = 3/2) valance bands in bulk material is described by the standard Luttinger Hamiltonian [22] . The eigenstates ofĴ z together with the QW confinement define a basis sets: |J z , k ⊥ , l v , similar to that of the conduction subbands. Off-diagonal terms in the Luttinger Hamiltonian are the origin of k-space Berry curvature, and they couple the valance subbands at the same k ⊥ with the selection rule: (i) ∆J z = ±1 and ∆l v odd (a change of parity in z direction); or (ii) ∆J z = ±2 and ∆l v even (no parity change). A light field with σ polarization propagating in the zdirection couples the conduction and valance subbands with the selection rules: S z = J z + σ and l c − l v even. Therefore, we always have two decoupled subspaces: (i) Numerical evaluations were performed for a QW with thickness d = 10 nm. For the QW layer and the barrier, we assume the same Luttinger parameters (γ 1 = 6.85, γ 2 = 2.1, and γ 3 = 2.9) and conduction band effective mass (m c = 0.078m e ). We simply assume x, y, and z axes are the [100], [010] and [001] directions. The cubic anisotropy gives a weak angular dependence on the scale of several percent. The valance barrier height has been taken equal to 140 meV. The electron gas remains degenerate over the temperature range we considered (< 100 K). The Rabi frequencies Ω ∓,HH0 for the transition between |J z = ±3/2, l v = 0 and |S z = ±1/2, l c = 0 subbands are used to index the laser strength, Ω ≡ (|Ω +,HH0 | 2 +|Ω −,HH0 | 2 ) 1/2 . For the Coulomb interaction, we follow the treatment of [23] . Fig.1(a) shows the band dispersions with and without dressing by σ+ polarized light with frequency tuned in resonance with the bandgap E g ≡ ε c (0) − ε HH0 (0) (note that ω edge is ∼ 10 meV above E g ). The states near the Γ point are strongly affected and the top dressed band acquires k-space Berry curvature with an s-like distribution [ Fig.1(b) ]. The negative Berry curvature distribution for small k is compensated by positive curvature for large k, so the Chern number of the top dressed band is still 0. Nonetheless, there is a nonzero clean contribution to the carrier Hall conductance in each subspace
, where f gives the Fermi distribution of particles in the top dressed band. Since circularly polarized light breaks time reversal symmetry, there is a net charge Hall conductance σ H ≡ σ + +σ − with the magnitude controlled by the strength and frequency detuning of the laser [ Fig. 1 (c) ].
In a realistic crystal, we need to consider disorder effects. In a heavily modulation doped QW, the dominant cause of disorder is from dopants embedded in the barrier layers with smooth potentials in the QW layer. Electrons acquire an anomalous coordinate shift with magnitude proportional to the Berry curvature F c z (k) when they scatter off a smooth impurity potential [24] . This leads to a side-jump contribution to the Hall conductance, σ
∂f ∂εc ∂εc ∂k ·k, independent of the scattering rate [10] . The admixture of valance band component also causes skew-scattering of conduction electrons by impurities [9] , but its contribution to the Hall conductance is inversely proportional to the scattering rate and therefore is suppressed in this heavily doped case [25] . The total Hall conductance is then σ tot ≡ σ cl +σ sj . Since F c z (k) has strong k-dependence which changes with the light intensity, σ sj has a more drastic change as a function of Ω and σ tot can even change sign [ Fig.1 (c) ].
With linearly polarized light, the k-space Berry curvature in the top dressed band has a p-like distribution [ Fig.2 (b) ]. The carrier Hall conductances in the two subspaces H ± have equal magnitude but opposite sign, σ + = −σ − , so the net charge Hall conductance vanishes. We define a pseudo-spin Hall conductance σ s = /(2e)(σ + − σ − ) and its dependence on the laser strength and frequency detuning is studied in Fig.2 (c) . We note that with circular polarized light, the charge Hall current typically has a majority contribution from one of the subspaces, so that there is a finite pseudo-spin Hall conductance as well [ Fig.1(c) ].
The sharpness of the spatial variation of the laser intensity is bounded by the optical wavelength λ ∼ µm which is smooth enough to guarantee adiabatic evolution between the dressedb † c,k |Φ 0 and undressed b † c,k |Φ 0 at the light irradiation edges. The difference in the carrier Hall conductance σ ± inside and outside the irradiation area leads to carrier accumulations ∆n ± at the edges in each subspace H ± , determined by the drift-diffusion equations:
τs , where τ s is the spin relaxation time, L s ≡ √ Dτ s the spin diffusion length, and momentum relaxation is assumed orders faster than τ s . For a sufficiently large electron density n ≫ ∆n ± , the carrier accumulations are all in the top dressed bands. We define the pseudo-spin den- sity n s = ∆n + − ∆n − [16] . Outside the irradiation area or after the light is adiabatically switched off, n s just gives the pure spin accumulation of the conduction band electrons. In Fig.3 (a-c) , we show n s generated by a laser pulse with duration ∼ 0.5 ns and a CW laser, assuming τ s = 5 ns [21] and L s = 4 µm [16] . In summary, we have shown that a sizable AHE and SHE due to dressed band topology can be optically activated in n-doped paramagnetic semiconductors. The absence of spin-orbit interactions when the light is switched off enables long spin lifetimes. With a reasonable value of the laser Rabi frequency (∼ meV), optically activated topological spin Hall transport can be 3 orders stronger than that from skew scattering [16] . The laser excitation is operated in the reactive regime where the system excitation is predominantly virtual. Spontaneous emission of a photon at frequency ω 0 −ε c (k) +ε v (k) (typically > 10 meV below the laser resonance) can bringb † c,−k |Φ 0 tõ b † v,−k |Φ 0 [5] . Thus, in free space, the system can have weak but finite absorption of energy from the light. For laser pulses with duration shorter than the spontaneous emission time (∼ ns), the energy absorption would be small [5] . Embedding the QW in an optical cavity with a moderate Q ∼ 100 [see Fig. 3(d) ] can eliminate this unwanted dissipation. The cavity photon modes are lower bounded in frequency, and the spectrum edge, by design, is at the frequency of interest which allows in-couple of the laser and forbids out-couple at the spontaneous emission frequency. Cavity enhancement also allows a large Rabi frequency Ω to be achieved with a relatively weak external laser field.
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